Background: Reconstruction of the anterior cruciate ligament (ACL) in the skeletally immature patient is frequently performed in hopes of preventing new or additional chondral damage and meniscal injuries. Patients within a few years of skeletal maturity are more at risk for ACL injuries than prepubescent patients, about whom several physeal-sparing techniques have been described. Reconstruction techniques in the former higher risk group need to be better understood.
techniques. The use of the femoral and tibial transphyseal technique has also been described in this group. Nonanatomic physeal-sparing techniques have been developed to minimize any damage to the femoral or tibial physis. 4, 14, 21, 26, 31 While the nonanatomic technique may be appropriate for very young prepubescent athletes, the transphyseal and physeal-sparing techniques offer the advantage of anatomic reconstruction. The specific technique that is best for the group of athletes at highest risk of ACL injuries, those within 2 to 3 years of skeletal maturity, has yet to be established. Some authors have recommended a transphyseal technique in this particular age group. 37 However, adverse outcomes, specifically lower limb growth disturbances and angular deformities, have been reported with the use of this technique. 15, 16, 19, 20 Other authors have recommended physeal-sparing techniques to avoid these growth disturbances, although long-term studies regarding return-to-play and complication rates are few. 17, 20 There is a potential risk of growth disturbances with all of these techniques. Theoretically, the physeal-sparing techniques have a lower risk of injuries, but they are technically demanding, especially tibial physeal-sparing techniques. The creation of all-epiphyseal tunnels is constrained by the size of the epiphysis as well as the angle necessary to keep the tunnels away from the physes. Often, in drilling these tunnels, even in the best of circumstances, the tunnels' entrance into the joint is an acute angle, creating the potential for increased graft stress at that point. Furthermore, while the graft itself may be epiphyseal, its location, especially on the tibia, may need to be in the metaphysis of the tibia. This places a "tension band" across the anteromedial tibial physis, increasing the risk of physeal angular growth disturbances.
For these reasons, a hybrid physeal-sparing technique for ACLR in skeletally immature patients has been developed. This technique is intended to provide anatomic reconstruction, minimizing the risk of growth disturbances while being less technically demanding and more reproducible. This technique uses a physeal-sparing tunnel in the lateral femoral epiphysis and a vertical transphyseal tunnel in the tibia. To the best of our knowledge, there are no studies currently in the literature that evaluate the outcomes and risk of this technique in young adolescents nearing skeletal maturity. Therefore, the purpose of this study was to retrospectively review a series of adolescent patients with ACL injuries surgically treated with the hybrid physealsparing technique at a single institution over a 6-year period. The primary aim was to evaluate for the presence of growth disturbances. The secondary aim was to subjectively evaluate clinical measures of knee function and athletic confidence.
METHODS

Patients
Institutional review board approval was obtained for this study. A review of surgical records at our institution identified 436 patients who were 17 years of age at the time of their ACLR surgery between 2010 and 2016. Of these patients, 83 were identified as having open or closing tibial and femoral physes before surgical intervention. A further review of operative notes identified 38 patients treated with the hybrid physeal-sparing technique, of whom 23 patients were 1 year removed from their surgery and were included in this study.
Operative Technique
We prefer to perform a hybrid ACLR procedure using a femoral physeal-sparing retrograde drilling technique with a transtibial transphyseal technique for young athletes with a bone age of approximately 12 years, with at least 2 years of growth remaining as determined by a posteroanterior radiograph of the left hand.
Full diagnostic arthroscopic surgery was performed first in a standard fashion. If meniscal or chondral abnormalities were found, then their treatment was carried out before ACLR. Once the ACL tear was confirmed arthroscopically and associated abnormalities were treated, ACL remnants are debrided, and notchplasty was performed as necessary. Soft tissue grafts were used universally for physeal-sparing ACLR techniques, with a quadrupled gracilis-semitendinosus autograft being most commonly utilized. The pediatric ACL femoral guide (Arthrex) was directed to the center of the ACL femoral footprint, and fluoroscopy was used to confirm that the tunnel was positioned completely within the epiphysis. The femoral tunnel was drilled in a retrograde fashion a minimum of 20 mm in length and a suture placed for graft passage later.
A standard ACL guide was used for drilling the tibial tunnel in the center of the ACL tibial footprint. For this technique, the angle of the guide was increased to approximately 70 and the drilling starting point through the anteromedial incision used for hamstring harvest. Utilizing the tibial guide with this high angle reduced the crosssectional area of the physis disturbed by the drill/tunnel by producing a vertically oriented tunnel through a more central portion of the tibial physis.
After graft passage, an adjustable loop cortical suspension device was used for fixation on the femoral side, and tibial fixation was performed using an interference screw, metaphyseal plate and screw (Double Spiked Plate; Smith & Nephew), cortical button, or staple. Tibial fixation was completed with the knee in near full extension. Fluoroscopy was used to help measure the distance from the physis to the anteromedial aperture. This was useful in determining if a minimum amount of space was available for interference screw fixation without violation of the physis. If the distance was too small, or by surgeon preference, distal fixation was completed with a cortical button, screw and post, or staple ( Figure 1 ). Cycling the knee multiple times before tensioning the tibial side to reduce any creep in the loop systems was routinely performed.
Postoperative Care and Return-to-Play Assessments
Postoperative rehabilitation included an emphasis on early range of motion. Once good quadriceps control was established, crutches and bracing were discontinued. Advancing to running was generally delayed until around 3 months and only if the patient demonstrated adequate quadriceps strength as demonstrated by a less than 30% deficit on isometric strength testing. Plyometrics and hop test training began in months 3 to 6. Patients had to demonstrate competency before the formal return-to-play assessment. All patients underwent a comprehensive return-to-play assessment that included clinical parameters (no pain, no swelling, symmetric range of motion), subjective outcomes including the Pediatric International Documentation Committee (Pedi-IKDC) score and Anterior Cruciate LigamentReturn to Sport after Injury (ACL-RSI) score, symmetric quadriceps and hamstring strength (<10% deficit on isometric and isokinetic strength testing), and multiple hop testing (as evaluated by a sports-trained physical therapist with an assessment of distance, symmetry, and form). Return-to-play assessments were conducted no earlier than 6 months postoperatively. Timing of physician clearance was obtained from clinical notes.
Radiographic Assessment
The postoperative radiographic evaluation during followup clinical appointments included a bilateral standing radiographic assessment for leg-length discrepancies. These images were used for the surveillance of growth disturbances in the postoperative period. Leg length was measured from the iliac crest to the tibial plafond. The measurement of angular deformities was also determined on the standing radiograph. The measurements obtained were the mechanical axis deviation (MAD), mechanical lateral distal femoral angle (MLDFA), and medial proximal tibial angle (MPTA). The MAD was measured in millimeters as the distance from the center of the knee joint between the femoral condyles and the mechanical axis line drawn from the center of the femoral head to the center of the talar dome. The MLDFA was measured as the angle between a line drawn from the center of the femoral head to the center of the knee joint between the femoral condyles and a transverse line tangential to the most distal points of the femoral condyles. The MPTA was measured as the angle between a transverse line tangential to the tibial plateau and a longitudinal line connecting the center of the proximal tibial plateau to the center of the talar dome. The MAD was used to determine if the knee was in varus or valgus alignment. A decreased MLDFA represents distal femoral valgus, and a decreased MPTA represents proximal tibial varus. A growth disturbance was defined as 1 cm of leg-length discrepancy and a statistically significant change in the MAD, MPTA, or MLDFA as compared with the nonsurgical limb. Measurements were conducted by all authors.
Subjective Outcomes
Subjective outcomes of knee function were evaluated with the Pedi-IKDC questionnaire. 23 Athletic confidence was evaluated with the ACL-RSI questionnaire. 43 Each questionnaire was completed by the patient or an accompanying adult postoperatively at each follow-up office visit.
Statistical Analysis
Statistical analyses were conducted using SAS (version 9.3; SAS Institute). Descriptive analysis was performed on patient demographics, return-to-play timing, and subjective outcome scores. Angular deformity measurements were not normally distributed; therefore, the nonparametric form of Figure 1 . Imaging of a 14-year-old male patient 10 months after anterior cruciate ligament reconstruction of the right knee with a hybrid physeal-sparing technique. Postoperative (A) lateral and (B) anteroposterior radiographs depict a physeal-sparing tunnel in the lateral femoral epiphysis and a vertical transphyseal tunnel in the tibia. The hamstring autograft has a 14-mm round attachable button system (Arthrex) for tibial fixation and a TightRope RT adjustable loop button (Arthrex) for femoral fixation.
the t test, the Mann-Whitney U test, was used to compare differences between the surgical limb and nonsurgical limb. Statistical significance was set to .05.
RESULTS
Patients
Twenty-three patients were included in this review (6 female, 17 male), with a mean chronological age at the time of surgery of 13.0 ± 1.4 years and a mean skeletal age of 13.6 ± 1.1 years. The mean hamstring autograft size was 7.8 mm in diameter (range, 6-9 mm). A hamstring autograft was used exclusively in this study, although a soft tissue quadriceps tendon autograft may also be an option. Nineteen patients reported that they were competitive athletes, participating in soccer, basketball, football, baseball, and skiing. Four patients reported that they were recreationally active and did not participate in competitive athletics before their ACL injury.
Surgical and Radiographic Outcomes
A radiographic evaluation to assess for growth disturbances was completed at a mean of 21 months (range, 10-57 months) after surgery, with all but 6 patients achieving skeletal maturity. At the time of the evaluation, there were 21 patients (91.3%) with equal leg lengths bilaterally (discrepancies <1.0 cm) and 2 patients (8.7%) with a leglength discrepancy; 1 patient had a 2.2-cm (10-year-old male) discrepancy, and 1 patient had a 1.2-cm (14-yearold female) discrepancy, with both patients having growth acceleration on the ACL-reconstructed limb. With regard to angular deformities, no patients had a statistically significant difference when compared with the contralateral limb (P < .05) after analysis ( Table 1) .
The patient with a leg-length discrepancy of 2.2 cm was identified as having an overgrowth of both the femur and tibia of the operative leg, requiring operative intervention with pangenicular temporary epiphysiodesis. The other patient developed a leg-length discrepancy of 1.2 cm that was also an overgrowth of both the femur and tibia of the operative leg and is being observed at this time.
In addition to the patient treated with epiphysiodesis, 4 patients underwent subsequent surgical procedures after their hybrid physeal-sparing ACLR surgery. These findings are summarized in Table 2 .
Subjective Outcomes and Return to Play
Subjective outcomes were obtained at a mean of 19 months (range, 6-57 months) after surgery. Overall, patients demonstrated favorable outcomes on both the Pedi-IKDC, with a mean score of 96.0 ± 3.5 (range, 89.1-100.0), and the ACL-RSI, with a mean score of 89.1 ± 12.9 (range, 53.0-100.0). Return-to-play data were available for 19 patients, of which the mean clearance to resume unrestricted athletics occurred 8 months (range, 6-14 months) after surgery.
DISCUSSION
Controversy remains with respect to the appropriate operative treatment of ACL injuries in skeletally immature patients. Despite the development of several different techniques, discussion continues as to which method poses the least risk to the patient while providing optimal outcomes. The results of this study suggest that the hybrid physealsparing technique, during early follow-up, allows for anatomic reconstruction while minimizing the risk of growth disturbances in skeletally immature patients. This technique also produces satisfactory subjective outcomes in the majority of young patients and allows them to return to an active lifestyle.
While the highest rates of ACL injuries occur in patients between the ages of 15 to 17 years, the next highest rate occurs in athletes between 12 and 14 years of age. 37 These patients are at particularly higher risk of growth disturbances, as they typically have 2 to 3 years or more of growth remaining. Based on their review of the literature, Kocher et al 21 have recommended physeal-sparing ACLR in this age group. Several series have shown that transphyseal ACLR using soft tissue grafts, usually a hamstring autograft, in postpubescent adolescents is safe with no angular deformities or leg-length discrepancies. 6, 24, 36 These authors, however, realizing the need to respect the open physes, often recommend modifications of the adult transphyseal reconstruction technique. One of those modifications is the drilling of vertically oriented tunnels to reduce the risk of both leg-length discrepancies and angular deformities. Unfortunately, these modified tunnel orientations typically create a more vertical femoral tunnel that is nonanatomic.
Regarding the use of an anatomic femoral tunnel in this population, independent drilling through a low anteromedial portal creates an oblique femoral tunnel through the distal femoral physis. This oblique angle increases the risk of physeal injuries and possibly injuries to the perichondral ring. 1, 40 A recent study by Cruz et al 10 found increased physeal disruption when independent tunnel drilling was employed compared with a transtibial technique in skeletally immature patients. Additionally, despite its history of good to excellent results, more recent data have called into question the safety of transphyseal drilling for patients 2 to 3 years away from achieving skeletal maturity. In a recent study by Fauno et al, 15 24% of patients who underwent transphyseal ACLR experienced either a compensated growth disturbance or leg-length discrepancy of 10 mm. Several other studies and reviews have reported premature physeal closure, angular deformities, and leg-length discrepancies with transphyseal ACLR. 9, 34, 45 Transphyseal drilling has demonstrated a substantial risk to the physis in several animal studies as well, causing both leg-length discrepancies and angular deformities. 18, 39 Some authors have suggested that an anatomic physeal-sparing technique may not offer a significant advantage over a transphyseal approach with respect to avoiding growth disturbances. One systematic review found no statistical difference in the incidence of leg-length discrepancies and angular deformities when comparing a transphyseal and physeal-sparing cohort. 34 A separate review found that in 4 reported cases of tibial angular deformities, a physealsparing technique was used in all 4 cases. 9 Other concerns regarding physeal-sparing techniques have been raised as well. A recent magnetic resonance imaging study of the epiphyseal space available in the tibia has revealed that the "safe" area available may only be 19 to 21 mm. 11 This poses a significant challenge to the surgeon to create an allepiphyseal tunnel that will be of adequate length while avoiding oblique drilling of the physis. Similar difficulties have not been described in the literature for drilling of an all-epiphyseal femoral tunnel.
Several nonanatomic techniques have also been described that are excellent options for treating prepubescent athletes with ACL injuries. Kocher et al 21 have described a nonanatomic, combined intra-articular, extraarticular technique that has displayed satisfactory results in patients with a mean age of 10.3 years. This technique produced good results with a low revision rate. Similarly, the Anderson 4 and Lawrence et al 26 all-epiphyseal techniques are outstanding options for athletes of this age group with ACL-deficient knees. While these procedures have uniformly produced good to excellent results with a low revision rate, their utility in patients 2 to 3 years from skeletal maturity has not been described. When considering the available data on the risk of growth disturbances in ACLR of the skeletally immature patient, our approach is to preserve the femoral physis while drilling a vertically oriented transphyseal tibial tunnel. This technique will ideally avoid any damage to the femoral physis while minimizing the risk of injuries to the tibial physis and ultimately the consequence of a growth disturbance. This technique will also provide reconstruction using the anatomic footprints of the native ACL. While not identical to our technique, other forms of the "hybrid" technique for ACLR have been published previously. Lipscomb and Anderson 28 reported on 24 skeletally immature patients with a mean age of 13 years who underwent hybrid ACLR using a hamstring autograft similar to our technique but with the addition of extra-articular reconstruction. Only 1 patient had a leg-length discrepancy, and 83% of all athletes returned to play (including the athlete who underwent epiphysiodesis). Another study of 8 patients with a mean age of 13.5 years who had undergone reconstruction with a fascia lata or Achilles allograft with an "over-thetop" femoral fixation device had 87.5% good to excellent results with no occurrence of growth disturbances at a mean follow-up of 58 months. 5 A separate report of 5 patients was also published by Lo et al 29 in patients with a mean age of 12.9 years who were treated with a hybrid reconstruction technique with "over-the-top" femoral placement of a soft tissue autograft and transtibial drilling. There were no cases of a leg-length discrepancy at a mean follow-up of 7.4 years.
As of 2016, there were 39 pediatric patients reported who developed a growth disturbance after ACLR. 9 The rates of growth disturbances that have been described range from 0% to 24% depending on the technique used. 13, 15, 20, 21, 45 In our review of 23 patients with a minimum of 1-year followup, the hybrid physeal-sparing technique resulted in 2 cases of growth disturbance, or an 8.3% rate. This growth disturbance was an acceleration of femoral and tibial growth that was ultimately correctable with an additional surgical procedure. There were no documented cases of statistically significant angular deformities.
This study has several strengths. This is a unique description of a hybrid femoral physeal-sparing technique for ACLR in skeletally immature athletes. The satisfactory results at initial follow-up provide surgeons with a viable option for treating adolescent patients with 2 to 3 years of growth remaining. This study also addresses return to play as it pertains to patients who underwent ACLR using the hybrid femoral physeal-sparing technique. This will aid clinicians in counseling patients regarding postoperative expectations about future athletic endeavors. This study also highlights the importance of close radiographic monitoring of skeletally immature patients in the postoperative period after ACLR. Regardless of the technique, a growth disturbance may occur, and early intervention is key for treating a patient with an iatrogenic leg-length discrepancy or angular deformity. It is suggested that patients be observed clinically and radiographically until skeletal maturity to assess for any potential growth abnormality including a leg-length discrepancy or angular deformity. The sooner any potential growth issue is identified, the sooner potential growth modulation treatment options can be provided if the growth abnormality is felt to be potentially clinically significant.
This study is not without its limitations. Objective clinical data, including range of motion and stability, were not available for all patients included in the study. Preoperative mechanical axis films were not routinely collected on all patients; therefore, the true leg length and limb alignment before surgical intervention are not known for this cohort. All patients obtained their mechanical axis films using the same radiographic protocol at the physicians' office; however, we were unable to control for the possibility that patients may have had their knees in varying degrees of flexion while taking the radiograph. This may have resulted in an apparent valgus presentation on the mechanical axis films. Finally, the mean radiographic follow-up for this small cohort was 21 months after surgery. Additional long-term follow-up is needed for a comprehensive understanding of the benefits as well as limitations of this technique.
CONCLUSION
The femoral physeal-sparing with transphyseal tibial drilling "hybrid" technique in skeletally immature athletes appears to have a high rate of success with low morbidity. When compared with existing options for ACLR in patients with open physes, this method poses a minimal risk of growth disturbances while also providing high subjective knee scores and the ability to successfully return to an active athletic lifestyle. Although it is a viable option, the possibility of physeal abnormalities does exist, which demonstrates the importance of a close postoperative follow-up and evaluation until skeletal maturity is achieved in this at-risk patient population.
